Introduction
============

The advent of nanotechnology has greatly impacted various aspects of anticancer research, as it offers innovative and unprecedented technological solutions to difficult clinical problems in oncology.[@B1]-[@B5] Remarkably, one area of particular interest in nano-oncology is the development of nanoparticle-based drug reservoirs to efficiently deliver therapeutic agents to the cancer cells in a targeted manner, which may potentially enhance therapeutic efficiency of drugs while reducing their adverse side effects.[@B6]-[@B8] Some of the most prominent examples in this regard are the nanoparticle carriers conjugated with cancer cell targeting moieties on their surface, which allow the drug-loaded nanoparticles to be concentrated at the tumor region while limiting their uptake by healthy cells/tissues.[@B9], [@B10] For instance, folic acid, a natural occurring compound that could be massively produced, has been used as the targeting ligand for a variety of cancer indications, especially ovarian cancer.[@B11]-[@B13] Similarly, several types of antibodies that could specifically bind to cancer biomarkers have also been evaluated in preclinical trials.[@B14]-[@B16] Among these frequently used targeting moieties, much attention has been focused on transferrin (Tf) and the associated receptor-mediated endocytic and transcytic pathways.[@B17] Tf is a blood plasma glycoprotein in the human body that is primarily responsible for iron transport, and Tf receptor (Tf-R) has been found to be overexpressed in many types of cancer cells.[@B18], [@B19] It should also be noted that the expression level of Tf-R in normal cells is low and almost negligible,[@B20] therefore, enhancing the application potential of Tf as the targeting moiety for the cancer-specific drug delivery.[@B21], [@B22]

An emerging trend in Tf-dependent tumor-specific drug delivery is to conjugate Tf onto the surface of mesoporous silica nanoparticles (MSNs).[@B19], [@B23], [@B24] MSNs are silica nanoparticles with a regular array of mesopores, featuring large surface area and high pore volume. It has been consistently demonstrated in many reports that MSNs could be loaded with large amounts of small-molecule anticancer drugs and deliver these therapeutic agents to their intracellular destinations in a Trojan horse manner.[@B25], [@B26] The benefit of modifying MSNs with Tf is two-fold: The coupled Tf could improve the delivery efficiency of the loaded drugs specifically to the cancer cells, as well as blocking the pore openings to drug leakage during the transportation process.[@B27], [@B28] Therefore, developing Tf-conjugated MSN nanoplatforms would enable the targeted and controlled delivery of the anticancer drugs with enhanced biocompatibility and minimize adverse side effects in the cancer treatment.

With the rapid expansion of knowledge on tumor biology and genetics, conventional approaches for the design and implementation of nanoparticle carriers have been challenged by a series of new questions, which are largely associated with their clinical safety in both short and long term administration.[@B29], [@B30] A demanding criterion among these emerging issues is the pro-inflammatory property of the drug delivery nanoplatforms, which describes the inflammatory response of the physiological environment provoked by exogenous compounds.[@B31]-[@B33] For example, Wolinsky *et al* reported in a recent review that many acid-degradable synthetic nanomaterials may accumulate at their site of biological action and cause inflammation in the peripheral tissue.[@B34] Naahidi*et al* demonstrated in greater detail that biodegradable poly(lactic-co-glycolic acid) (PLGA) nanoparticles could inflict strong inflammation when they are introduced into loosely connective tissue surrounding nerves, and thus are unsuitable for drug delivery to these locations.[@B35] Rigorous investigation has been carried out on elucidating the pro-inflammatory mechanism of nanoparticles and mitigating, or even eliminating the inflammation responses. Among these emerging approaches, modulating the protein corona of nanoparticles has drawn extensive attention. Specifically, Wan *et al* demonstrated that by deglycosylating protein-capsulated silica nanoparticles, the nanoparticle-protein complex shows enhanced adhesion to the cell membrane of two types of THP-1 differentiated macrophages, resulting in increasing pro-inflammatory responses compared to their glycosylated form.[@B36] Walkey *et al* meticulously investigated the connection between the physicochemical properties of nanobiomaterials and their interactions with physiological systems, and concluded that the surface absorption of serum proteins plays critical roles in the macrophage uptake of the nanoparticles, thus further impacting their delivery efficiency and potential toxicity.[@B37] These studies collectively demonstrated the importance of protein corona properties for the regulation of the nanoparticle-cell interactions, of which the underlying principles and mechanisms could facilitate the rational design and application of clinically translatable drug delivery nanoplatforms.

With the information above, a novel tumor-specific redox-sensitive drug delivery nanoplatform was developed to enhance the chemotherapeutic efficacy of small-molecule anticancer drugs. Specifically, Tf was exploited as the targeting moiety and conjugated onto the surface of doxorubicin (DOX)-loaded hollow mesoporous nanoparticles (HMSNs). The HMSN is a more advanced form of MSNs that has greater drug loading capacity and improved biosafety.[@B38], [@B39] Due to the relative size of Tf to the pore width of HMSN, the Tf moiety in close proximity to the silica surface could efficiently block the pore openings so as to prevent the premature drug release.[@B23] The conjugation of Tf was achieved through a biocompatible one-pot click reaction, which is a well-established approach for the non-invasive incorporation of various biomacromolecules including proteins and nucleotides.[@B40], [@B41] Moreover, a disulfide bond has been integrated into the molecular linkage between Tf and HMSN, which could be specifically cleaved by the elevated intracellular redox potential in the tumor cells.[@B42] As Tf is a human protein that exists in almost all types of biological fluids, we also hypothesized that the Tf-conjugated hollow nanoplatform could have reduced pro-inflammatory effect *in vivo*, which would be favorable for clinical translation.

Scheme [1](#SC1){ref-type="fig"} presents a detailed illustration of the therapeutic process *in vivo* with the Tf-conjugated redox-sensitive hollow nanoplatform. The DOX-loaded nanocarriers were administered intravenously and concentrated at the tumor site through the enhanced permeability and retention effect, and eventually internalized by the cancer cells via the receptor mediated endocytosis. The Tf moieties would then be removed from the particle surface in the intracellular redox condition, as a result of which the anticancer drugs would be released from the nanocarrier and confer sustained damage to the cancer cells.

Results and Discussion
======================

Preparation and characterization of the hollow nanoplatform
-----------------------------------------------------------

In this study, HMSN was chosen as the scaffold for the subsequent biofunctionalization, on account of its high drug loading capacity, biological inertness and versatile surface chemistry. The synthesis of the hollow mesoporous silica nanoparticle was achieved via a well-established template method with essential modifications. Typically, dense silica nanoparticles were firstly prepared via Stöber method and then coated with a layer of mesoporous silica. The dense silica core could be removed by etching with sodium carbonate while the mesoporous silica shell remained intact (Fig. [S1](#SM0){ref-type="supplementary-material"}). As demonstrated by the SEM result (Fig. [1](#F1){ref-type="fig"}a), the as-prepared HMSNs are spherical with homogeneous morphology. It could be further observed in the TEM image (Fig. [1](#F1){ref-type="fig"}c) that the HMSNs are highly uniform and monodisperse with distinct nanochannels. By using a particle size analyzer, it was found that the average diameter of HMSNs was 158 nm. After the drug loading and Tf conjugation, the average diameter of HMSN-S-S-Tf\@DOX slightly increased to 167 nm, while the monodispersity was maintained (Table [S1](#SM0){ref-type="supplementary-material"} and Fig. [S2](#SM0){ref-type="supplementary-material"}). For dynamic light scattering (DLS) characterizations, the nanoparticle samples were suspended in solutions and used fresh to improve their monodispersity. It should be noted that the size distribution features of the nanoparticle samples were still maintained after incubating for more than 4 days in biomimicking buffer solutions, indicating their good stability in a bio-relevant environment (Fig. [S3](#SM0){ref-type="supplementary-material"}). Compared to the unmodified form, the boundary and hierarchical mesoporous network of HMSN-S-S-Tf\@DOX became more blurry after the conjugation of Tf moieties (Fig. [1](#F1){ref-type="fig"}b,d), indicating the successful attachment of the organic components. It is also worth noting that the monodispersity of HMSN series was well retained after the drug loading and Tf modification, and no noticeable changes in their size were detected. Using a method similar to a previous report,(41) the amount of Tf proteins on a single HMSN was calculated to be \~800 units. Specifically for the calculation process, the mass of a single dense silica nanoparticle was first obtained based on the hydrodynamic diameter of the dense silica nanoparticles (measured using DLS) and density of SiO~2~, which was found to be 1.7 × 10^-15^ g. As dense silica nanoparticles were used as the template for the synthesis of HMSNs, it is reasonable to assume that the number of HMSNs is roughly equal to the number of dense silica nanoparticles added into the reaction. By correlating to the amount of HMSNs-S-S-Tf collected after anhydration, the mass of a single HMSN-S-S-Tf could be calculated to be 1.18 × 10^-15^ g. Based on the TGA characterizations, the mass fraction of Tf in HMSN-S-S-Tf was determined to be \~9%. Combining the mass of HMSN-S-S-Tf calculated above and that of a single Tf protein (\~80 kDa), it could be concluded that the average number of Tf proteins on a single HMSN was \~800.

The N~2~ absorption-desorption isotherms of unmodified HMSNs, HMSNs-SH, HMSNs-S-S-C≡C, HMSNs-S-S-Tf and the drug-loaded HMSNs-S-S-Tf\@DOX were then performed to study their porosity and surface area (Fig. [S4](#SM0){ref-type="supplementary-material"}). Raw HMSNs showed a typical type IV curve with an apparent hysteresis loop. A quantitative analysis of the results further revealed that the HMSNs have a BET surface area of 1297.544 m^2^/g and a pore volume of 1.1859 cm^3^/g, as well as a narrow pore size distribution centered at 2.012 nm. The BET surface area drops drastically as the modification continues, and eventually becomes 396.378 m^2^/g for the HMSN-S-S-Tf sample. In contrast, only a slight decrease was observed for the BJH pore size, from 2.012 nm for HMSNs to 1.959 nm for HMSNs-S-S-Tf\@DOX (Table [S2](#SM0){ref-type="supplementary-material"}). Combined with the TEM observations, these results are an immediate sign that the HMSNs have been successfully conjugated with Tf moieties and loaded with the anticancer drug DOX, of which the entrapment efficiency was calculated to be 13.86%. Furthermore, Fourier transform infrared spectroscopy (FTIR) was employed to characterize the stepwise surface functionalization of HMSNs, and the results are illustrated in Fig. [S5](#SM0){ref-type="supplementary-material"}. All these evidences consistently prove the successful multi-step surface engineering of HMSNs. Additionally, TGA was used to quantify the DOX encapsulation (Fig. [S6](#SM0){ref-type="supplementary-material"}) and the results revealed a DOX loading amount of \~20 wt%, again confirming the superior drug loading capability of HMSNs compared with various types of conventional MCM-41 type MSNs.[@B38], [@B39], [@B43]

Release profiles in solution
----------------------------

An initial assessment of the drug release behavior and redox sensitivity of the nanoplatform was conducted in Tris buffer of neutral pH (Fig. [2](#F2){ref-type="fig"}). GSH was added into the solution at graded concentrations to mimic the different intracellular redox environments. Due to the intrinsic fluorescence property of DOX, it could be used as an indicator for the monitoring of drug release.[@B44] In the real-time release tests, the drug-loaded HMSNs-S-S-Tf\@DOX were first dispersed in neutral Tris buffer and only a small increase in DOX fluorescence (\<30 a.u.) was observed after 2 h of incubation, which is possibly due to the disassociation of the surface-absorbed DOX molecules. The negligible amount of DOX release immediately suggests the excellent cargo encapsulation stability of the nanoplatform. However, for the HMSN-S-S-Tf\@DOX sample that was treated with 1 mM of GSH for the same length of time, the fluorescence intensity of released DOX increased to \>630 a.u. Furthermore, an evident positive correlation was found between the DOX releasing rate and the concentration of GSH. When the GSH concentration increased to 10 mM, the accumulated fluorescence intensity of DOX increased to almost 900 a.u. The DOX release profile is theoretically consistent with our proposed release mechanism, where the disulfide linkage would be readily cleaved by GSH through reduction to remove the capping moieties and release the entrapped DOX. To quantitatively study the encapsulation stability and release kinetics of the nanoplatform across a larger time scale, the incubation period was extended to 24 h. It is demonstrated in Fig. [2](#F2){ref-type="fig"}b that even after 24 h of continual incubation, the drug leakage in normal physiological conditions is still \<5%. While for the two sample groups with added 1 and 10 mg/mL of GSH, the accumulative DOX release percentage was \~60% and \~81%, respectively. Together, the results of these release tests consistently demonstrated the excellent encapsulation efficiency of the nanoplatform in normal physiological environment as well as its sensitivity to redox stimulus.

Cellular interaction of the engineered nanoplatform
---------------------------------------------------

The uptake, allocation and biological impact of the nanocarrier at cellular level were firstly investigated using transmission electron microscopy (Fig. [3](#F3){ref-type="fig"}a-c) on MDA-MB-231 cells, since MDA-MB-231 cell line is one of the major breast cancer cell lines currently used in oncological research. MDA-MB-231 cell line was originally established from the pleural effusion of metastatic breast cancer, and one of its key features is the elevated expression level of Tf receptors.[@B45]-[@B47] Herein, the MDA-MB-231 cells were incubated with HMSNs or HMSNs-S-S-Tf and then cut into ultra-thin sections for TEM analysis, of which the results were compared to MDA-MB-231 cells incubated on tissue culture polystyrene plates (TCPS). The formation of endosomes was observed in both HMSN and HMSN-S-S-Tf groups, and the endocytosed amount of the Tf-conjugated nanoparticles was much greater than the unmodified ones, immediately suggesting the enhanced cellular uptake due to receptor-mediated endocytosis (an enlarged depiction of the internalized nanoparticles can be found in Fig. [S7](#SM0){ref-type="supplementary-material"}). Additionally, by comparing those cell samples that have been incubated with nanoparticles (HMSNs and HMSNs-S-S-Tf) to the control group, no noticeable changes were detected in cell morphology and membrane integrity, which implies the good biocompatibility of the nanocarriers.

Based on the above findings, the amount of internalized nanoparticles in cancer cells was investigated using confocal laser scanning microscope (CLSM) (Fig. [3](#F3){ref-type="fig"}d,e,f,d1,e1,f1). Fluorescein isothiocyanate (FITC), a widely-used bio-probe with strong fluorescence, was loaded into the HMSNs and HMSNs-S-S-Tf as the model drug for the subsequent optical study (denoted as HMSNs\@FITC and HMSNs-S-S-Tf\@FITC for the convenience of readers). Briefly, MDA-MB-231 cells were incubated with HMSNs\@FITC and HMSNs-S-S-Tf\@FITC for 12 h or 24 h at biologically relevant doses, followed by fixation and staining for the CLSM characterization. For the CLSM images, the yellowish green color is the FITC fluorescence, while the red and blue colors represent the dye-stained cytoskeleton and cell nuclei, respectively. Consistent with the previous TEM results, it could be firstly observed that all MDA-MB-231 cell samples incubated with nanoparticles retained the normal spindle shape, and their cell morphology/cytoskeleton structure/nuclei shape are almost identical to those cells in the control group that were incubated with equivalent concentration of free FITC. By comparing panel e to f and e1 to f1, an apparent positive correlation was observed between the amount of endocytosed nanoparticles and the length of incubation period in both experimental groups, which could be explained by the well-established endocytic mechanism of nanoparticles.[@B48] Additionally, the FITC fluorescence in the images were quantitatively analyzed using ImageJ, in which the cumulative FITC fluorescence (intensity × area) in the selected areas were integrated. The results showed that the integral fluorescence intensity ratios of e to e1 and f to f1 were 0.55:1 and 0.5:1, respectively.

Due to the limited number of cells included in the fluorescence analysis, we also performed flow cytometry and inductively coupled plasma (ICP) analysis with large cell populations to eliminate bias and improve the cogency of the results, and the results are shown separately in Fig. [3](#F3){ref-type="fig"}g1/g2/h, Fig. [S8](#SM0){ref-type="supplementary-material"} and Fig. [S9](#SM0){ref-type="supplementary-material"}. As shown by the flow cytometry data, the ratio of internalized HMSNs to HMSNs-S-S-Tf was 0.42:1 after 12 h and 0.60:1 after 24 h. The percentage ratios of MDA-MB-231 cells with HMSN uptake to that of HMSN-S-S-Tf were 0.355:1 after 12 h and 0.656:1 after 24 h, both of which are also consistent to the results calculated by ICP (0.36:1 after 12 h and 0.55:1 after 24 h) as well as CLSM data. The comparative analysis demonstrated that the Tf-conjugated HMSNs always have superior cellular uptake efficiency than those unmodified ones regardless of the incubation time, again implying the targeting effect of the Tf moiety to cancer cells.

Anticancer activity of the nanoplatform on MDA-MB-231 cells: an in vitro study
------------------------------------------------------------------------------

As demonstrated by the results above, the Tf-conjugated nanoplatform could be readily internalized by cancer cells without eliciting noticeable cellular damage. In this section, the anticancer efficacy of HMSN-S-S-Tf\@DOX was studied on MDA-MB-231 cells. CLSM was firstly exploited to investigate the biological impact of various samples on cancer cells (Fig. [4](#F4){ref-type="fig"}). The imaging results revealed that except for the control and HMSN groups, varied extents of nucleus deformation and disintegration were observed for those cancer cells incubated with DOX, HMSN\@DOX and HMSN-S-S-Tf\@DOX, which are apparent signs of apoptosis. For all three DOX-containing sample groups, the nuclei of the cancer cells showed a purplish pink color, which was a blend of the red DOX fluorescence and the original blue staining. The enrichment of DOX fluorescence in the cancer cell nuclei could be explained by its mechanism of action; the DOX molecules would selectively interact with DNA by intercalation and prevent the replication process [@B49]. It should also be noted that the remaining red fluorescence in the cytoplasm was almost negligible for the HMSN-S-S-Tf\@DOX group, which suggests that the DOX release from the nanoplatform is complete.

Subsequently, the anticancer efficacy of the nanoplatform on live breast cancer cells was studied quantitatively with methylthiazoly tetrazolium (MTT) assays. From the cell viability data in Fig. [S10](#SM0){ref-type="supplementary-material"} and S11, HMSN and HMSN-S-S-Tf both demonstrate excellent biocompatibility as their inhibitory effects on the cancer cells were minimal. It was also verified that the conjugation of Tf could further reduce the cytotoxicity of the HMSN substrate. More details were revealed from the comparative analysis of cytotoxicity data in Fig. [S12](#SM0){ref-type="supplementary-material"}. For the two sample groups of HMSN\@DOX and HMSN-S-S-Tf\@DOX, the incubation with the drug-loaded nanoparticles resulted in a strong inhibitory effect on the growth of breast cancer cells in a time and dose-dependent fashion. Under 24 h of incubation the HMSN-S-S-Tf always showed lower mean cell viability compared to the HMSN group, although no significant difference was detected between the two sample groups for any dosing condition. However, when the incubation time was extended to 48 h, the disparities in cell growth and viability at all nanoparticle concentrations increased, which is associated with the different endocytic pathway and release mechanism for each type of nanoparticles as well as the presence of molecular drug pumps on the cancer cell membrane. On one hand, the Tf conjugation is capable of improving the particle internalization by receptor-mediated endocytosis, essentially increasing the DOX uptake by the cancer cells. On the other hand, efflux pumps are usually overexpressed on the cancer cell membrane as a defense mechanism against chemotherapies, which can readily remove the DOX molecule in the cytoplasm [@B50]. For those unmodified HMSNs, the DOX molecules were released in a one-time burst and created a transient high cytoplasmic concertation of DOX, only to be effused by the transmembrane protein pumps later and result in less effective chemotherapy. In contrast, the surface modification of the HMSNs could regulate the release rate of drug molecules from the nanochannels and maintain the intracellular DOX concentration at a relatively stable level while not impairing its biological effectiveness, therefore providing enhanced drug advantage in comparison to raw HMSNs. The advantage of HMSNs-S-S-Tf\@DOX was further validated in a comparative cell viability test, in which breast cancer cells were incubated with HMSNs-S-S-Tf\@DOX and free DOX of equivalent concentration (Fig. [S12](#SM0){ref-type="supplementary-material"}). For the incubation period of 24 h, both the free DOX and HMSN-S-S-Tf\@DOX samples displayed dose-dependent cytotoxicity to cancer cells. When the equivalent DOX dosage was below 4 μg/mL, free DOX showed greater cytotoxicity. As the DOX concentration increased above this value, the cytotoxicity of HMSNs-S-S-Tf\@DOX began to increase rapidly and eventually surpassed that of the free DOX. A similar trend was also observed when the incubation was prolonged to 48 h. As a small-molecule anticancer drug, the cellular intake of free DOX is achieved primarily through rapid passive diffusion, resulting in relatively greater toxicity to cancer cells at the initial stage. For HMSNs-S-S-Tf\@DOX, their entry into cancer cells is realized through relatively slower endocytic pathway, and the cytotoxicity of the released DOX is further influenced by the release kinetics of the HMSN carrier. As the equivalent DOX dose increases to a clinically relevant level, the cancer cell killing efficiency of HMSNs-S-S-Tf\@DOX quickly surpasses free DOX, again confirming superior therapeutic efficiency and alleviated side effects of HMSNs-S-S-Tf\@DOX in comparison with free DOX.

In addition to the CLSM and MTT results, the pro-apoptotic effect of the nanoplatform on MDA-MB-231 breast cancer cell line was quantitatively measured via flow cytometry to further clarify the underlying therapeutic mechanisms. The fluorescence of FITC and propidium iodide (PI) was used as the indicator for the evaluation of cell apoptosis after treatment with various samples. PI has frequently been used in combination with FITC to provide better understanding of the cell apoptosis from the early stage to the late stage. As revealed in Fig. [S13](#SM0){ref-type="supplementary-material"} and Table [S3](#SM0){ref-type="supplementary-material"}, the incubation with unmodified HMSNs only has negligible impact on the cell activity, with a minimal increase of 2.4% in the relative amount of apoptotic cells (6.6%) compared to the TCPS control (4.2%). The treatment of free DOX resulted in a potent apoptotic effect of 34.6%, which was slightly higher than that of the HMSN\@DOX group. This could be explained by the rapid passive diffusion of DOX molecules into the MDA-MB-231 cells and resultant acute cytotoxicity. The highest pro-apoptotic efficiency (50.6%) was found in HMSN-S-S-Tf\@DOX group, owing to more advantageous drug release kinetics. Collectively, these in vitro investigations consistently demonstrated that the HMSN-S-S-Tf nanocarrier could improve the intracellular delivery efficiency of DOX and enhance its therapeutic effect in vitro.

Immunotoxicity *in vitro*: inflammation responses in macrophages
----------------------------------------------------------------

To study the immunotoxicity of the nanoplatform, the inflammatory macrophage response of RAW264.7 macrophage cells to HMSNs\@FITC and HMSNs-S-S-Tf\@FITC was thoroughly evaluated (Fig. [5](#F5){ref-type="fig"}). For the macrophage cells in the control group, they all displayed round shapes with a large cell nucleus in the center. However, for the cells incubated with HMSNs\@FITC, they acquired a highly dendritic morphology with emerging filopodia and actin filaments close to the membrane surface. These observations immediately suggest the pro-inflammatory activation of the RAW264.7 cells after the incubation with the unmodified HMSNs.[@B51] In comparison, macrophage cells incubated with the HMSNs-S-S-Tf\@FITC retained the circular morphology with minimal filopodia and actin excretion, which indicates that most of the macrophage cells remained inactivated. Similar to the characterization of the endocytosis efficiency by MDA-MB-231 cells in the previous sections, we also used flow cytometry and ICP to quantify the impact of Tf functionalization on the macrophage phagocytic efficiency of HMSNs, and the ratio of internalized HMSNs to HMSNs-S-S-Tf was 1.46:1 (Fig. [5](#F5){ref-type="fig"}d-e) by flow cytometric study and 1.57:1 (Fig. [S14](#SM0){ref-type="supplementary-material"}) by ICP test. The observations collectively demonstrated that the Tf conjugation could reduce the pro-inflammatory effect of the HMSN substrate. It is also evident that the cell sample incubated with HMSNs-S-S-Tf\@FITC has higher cell density compared to the HMSN\@FITC sample group, which is almost at a comparable level to the TCPS group. The observation was further validated quantitatively using MTT assays, revealing that the amount of RAW264.7 cells after incubating with HMSN-S-S-Tf\@FITC for 24 h was statistically higher than the HMSN\@FITC group (Fig. [S11](#SM0){ref-type="supplementary-material"}). The greater cell viability is another proof of the biocompatibility of the HMSN-S-S-Tf nanoplatform.

*In vivo* anticancer activity
-----------------------------

The therapeutic effect of the nanoplatform was further investigated in vivo by monitoring the MDA-MB-231 tumor growth in nude mouse models. The impact of the Tf-conjugation on the biodistribution of nanoparticles was firstly investigated. From the in vivo imaging results shown in Fig. [6](#F6){ref-type="fig"} (panel a and b), it could be observed that the DOX fluorescence of the HMSN-S-S-Tf\@DOX group at the tumor site was significantly greater than that of HMSN\@DOX, indicating that HMSNs-S-S-Tf has an excellent tumor-targeting capability *in vivo*. Consistently, larger amounts of modified nanoparticles were successfully internalized at the tumor site after 1 day of administration in comparison with unmodified HMSNs (Fig. [S15](#SM0){ref-type="supplementary-material"}). Moreover, the HMSN-S-S-Tf nanoparticles could be cleared from the tumor tissues and steadily removed from the body after the drug release (Fig. [6](#F6){ref-type="fig"}c). Fig. [8](#F8){ref-type="fig"}a shows representative images of the tumors on the 21st day after various treatments. It was observed that the administration of saline and HMSNs resulted in rapid and uncontrolled tumor growth, while tumor growth inhibition effects to different extents were found in the three groups of DOX (III), HMSNs\@DOX (IV), and HMSNs-S-S-Tf\@DOX (V). The survival time of mice medicated with HMSNs-S-S-Tf\@DOX was prolonged as compared to others, giving the highest survival rate (\>60%) among all groups after 2 months of incubation (Fig. [7](#F7){ref-type="fig"}).

More details were revealed by the quantitative analysis of the tumor volumes across the experimental period (Fig. [8](#F8){ref-type="fig"}b). It was found that the volumes of the MDA-MB-231 tumors all increased in the four groups of saline, HMSNs, DOX and HMSNs\@DOX, while a steadily downward trend was observed for mice administered with HMSNs-S-S-Tf\@DOX. Specifically, the HMSN\@DOX group showed higher growth inhibitory effect compared to that of the free DOX group, which is likely attributed to the enhanced DOX accumulation at the tumor site due to the EPR effect as well as the sustained kinetics of DOX release from the nanocarrier. Furthermore, the HMSNs-S-S-Tf\@DOX group exhibited the greatest growth inhibitory efficiency as compared to other therapeutic treatments, as a result of the combined function of the targeting effect and redox-dependent drug release. These findings were also consistently verified by the changes in the relative tumor weight on the 21st day after various treatment (Fig. [8](#F8){ref-type="fig"}c). These results demonstrate that the HMSNs-S-S-Tf could greatly facilitate the intracellular delivery of DOX and improve the eventual therapeutic outcome.

In addition to the quantification of the tumor growth, haemotoxylin and eosin (H&E) staining was performed to analyze the changes in tumor tissues (Fig. [8](#F8){ref-type="fig"}d-h). Under microscopic view, no apparent cell/tissue damage was observed in the stained cross sections of tumor samples from the saline and HMSN groups, again confirming the biocompatibility of the nanosubstrates. For the free DOX group, cell death and scattered intercellular gaps were spotted in the tumor tissue with relatively low occurrence, while more severe tumor cell death was found in the tissue samples from the HMSN\@DOX group. Nevertheless, the most severe and widespread cell death among all the experimental groups was observed in those tumors treated with HMSNs-S-S-Tf\@DOX. The H&E staining result is another immediate evidence that by loading DOX into the HMSN-S-S-Tf nanocarrier, the anticancer effect of DOX could be further improved for better therapeutic outcome.

To evaluate the potential systemic toxicity of the nanoplatform, the body weight of the mice after different treatments were monitored throughout the experimental period (21 days, Fig. [S16](#SM0){ref-type="supplementary-material"}). The initial values of the average body weight for all groups were maintained at the same level of \~18.4 g. However, after 21 days of incubation, the average body weight of mice administered with DOX was still as low as \~19.6 g, while the average body weights of mice treated with saline, HMSNs, HMSNs\@DOX and HMSNs-S-S-Tf\@DOX increased to 23.1 g, 23.0 g, 21.2 g and 21.6 g, respectively. Additionally, major organs from the tumor-bearing mice in each group were also harvested on the 21st day and stained with H&E for histological analysis. It is well known that DOX molecules could bind to myocardial cardiolipin with high affinity and damage the myocardial cells.[@B52]-[@B54] As shown in Fig. [9](#F9){ref-type="fig"}, compared with the control groups, the administration of free DOX resulted in severe myocardial damage, while no significant histological changes were observed in the cross-sections of organs from the other experimental groups. All these results suggest that the nanocarrier itself is highly biocompatible and capable of mitigating the toxic side effects of DOX, effectively improving the safety of the nanoparticle-mediated targeted chemotherapy.

Macrophage phagocytosis and inflammation response to the nanosystem *in vivo*
-----------------------------------------------------------------------------

For the *in vivo* evaluation of the inflammation response to the Tf-conjugated hollow nanoplatform, we firstly examined the plasma concentration of nanoplatform after administration. The analysis was carried out on an ICP system and the results are shown in Fig. [S17](#SM0){ref-type="supplementary-material"}. It was found that compared to mice administered with HMSN, the administration of HMSN-S-S-Tf resulted in higher nanoparticle concentration in plasma throughout the experimental period of the study (up to 24 h). Specifically, the blood circulation half-life of HMSNs-S-S-Tf was found to be 5.12 ± 1.34 h, in comparison to 2.21 ± 0.89 h for HMSNs. Consistent with the in vitro macrophage phagocytosis evaluations where the fluorescence intensity of FITC-labelled nanoparticles and Si content in macrophage cells were measured and compared, the results indicate that the conjugation of Tf on the HMSN surface could lower its chance of being captured by the macrophage cells in vivo. Additionally, the expression levels of two representative cytokines interleukin-1β (IL-1β) and tumor necrosis factor α (TNF-α) were quantitatively measured and comparatively analyzed. These two cytokines are secreted by macrophage cells and have been used as clinically relevant markers for inflammation responses.[@B55], [@B56] Herein, the concentrations of IL-1β and TNF-α in human blood after the incubation with different nanoparticles for varied durations were quantified by enzyme linked immunosorbent assay (ELISA). As displayed in Fig. [10](#F10){ref-type="fig"}, the administration of unmodified HMSNs resulted in a massive increase in the blood concentration of IL-1β and TNF-α after 3 h of incubation, which were almost 15 times and 19 times that of the TCPS group, respectively. In contrast, the extent of the concentration increase of the two cytokines was much less for those macrophages incubated with HMSNs-S-S-Tf for 3 h, which were around 9 times and 8.7 times that of IL-1β and TNF-α concentrations for TCPS. Similar trends were also observed for the IL-1β and TNF-α concentrations when the incubation period was extended to 24 h. From these results it is immediately evident that unmodified HMSNs would inflict severe side effects *in vivo* including inflammation and other immune reactions, and the Tf modification could reduce the nanoparticle-induced inflammatory response associated with the administration of the nanoparticles.

Conclusions
===========

In summary, we have successfully developed a tumor-targeted drug delivery nanoplatform with high DOX loading capacity, redox sensitivity and immune tolerance by conjugating Tf onto the surface of HMSNs via disulfide linkage. It has been consistently validated by experimental results *in vitro* and *in vivo* that the HMSN-S-S-Tf carriers could be selectively enriched at the tumor site and efficiently internalized by the cancer cells, as the result of the combined effort of the EPR effect and receptor-mediated endocytosis. The disulfide linkage could be readily cleaved in the intracellular redox environment, eventually resulting in the sustained and effective tumor growth suppression. Moreover, the Tf corona could enhance the stability of the nanoplatform in blood circulation and simultaneously ameliorate the inflammatory reactions provoked by the intravenous administration, which are critical for the clinical translation of the nanoformulation. Therefore, this nanoplatform may provide new avenues for the development of anticancer nanomedicine with enhanced clinical relevance.
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![(a,b) Fabrication of redox-trigged HMSNs by using a disulfide bond as the intermediate linker. (c) Illustration of the intracellular redox-trigged HMSNs for targeted tumor therapy in vitro and in vivo.](thnov08p0518g001){#SC1}

![Representative morphologies of unmodified HMSNs and HMSNs-S-S-Tf\@DOX. SEM images of (a) free HMSNs and (b) HMSNs-S-S-Tf\@DOX. Scale bar: 300 nm. TEM images of (c) free HMSNs and (d) HMSNs-S-S-Tf\@DOX. Scale bar: 100 nm.](thnov08p0518g002){#F1}

![Redox-sensitive DOX release from Tf-capped HMSNs in vitro. (a) Real-time release profiles over 2 h under the reductive GSH stimulus. (b) Long-term release profiles over 26 h under the reductive GSH stimulus.](thnov08p0518g003){#F2}

![Representative TEM images showing a MDA-MB-231 cell grown on (a, control group) TCPS and those treated with (b) free HMSNs or (c) HMSNs-S-S-Tf after 12 h. Endocytosed nanoparticles were marked with red circles. Scale bar: 2 μm. Representative CLSM images showing the distributions of (d and d1) free FITC, (e and e1) HMSNs\@FITC, and (f and f1) HMSNs-S-S-Tf\@FITC within MDA-MB-231 cells after incubations of 12 h and 24 h, respectively. Scale bar: 50 μm. Red: cytoskeleton, blue: cell nuclei, green: FITC-loaded nanoparticles. Flow cytometric evaluation of the nanoparticle intake with or without Tf conjugation in panel (g1, 12h) and (g2, 24h), respectively. The results were compared quantitatively in panel (h). (n = 6, \*\*p \< 0.01)](thnov08p0518g004){#F3}

![Representative CLSM images of MDA-MB-231 cells after incubation on (a and a1, control group) TCPS or with (b and b1) HMSNs, (c and c1) DOX, (d and d1) HMSNs\@DOX and (e and e1) HMSNs-S-S-Tf\@DOX for 24 h, respectively. Scale bar: 20 μm. The merged results of H33258 and DOX channels are displayed in panel a-e, while panel a1-e1 are the visualization of cells under DOX channel. Red: DOX, blue: cell nuclei.](thnov08p0518g005){#F4}

![Representative CLSM images showing RAW 264.7 macrophage cells treated with (a) free FITC, (b) HMSNs\@FITC, and (c) HMSNs-S-S-Tf\@FITC after 24 h. Scale bar: 25 μm. Red: cytoskeleton, blue: cell nuclei, green: FITC-loaded nanoparticles. (d) Nanoparticle intake as measured by flow cytometry. (e) Quantitative analysis of the flow cytometry data. (n = 6, \*\*p \< 0.01)](thnov08p0518g006){#F5}

![(a) In vivo NIRF images and (b) NIRF intensities of the mice bearing MDA-MB-231 tumor injected with saline, HMSNs\@DOX, and HMSNs-S-S-Tf\@DOX. (c) Biodistribution of HMSNs-S-S-Tf in major organs and tumor tissue of nude mice at different time of intervals. (n = 6, \*\*p \< 0.01)](thnov08p0518g007){#F6}

![Survival rate of tumor-bearing mice after the treatment with saline (control group), HMSNs, DOX, HMSNs\@DOX, and HMSNs-S-S-Tf\@DOX for 60 days, respectively.](thnov08p0518g008){#F7}

![(a) Representative morphologies of tumor tissues after being treated with saline (I, control group), HMSNs (II), DOX (III), HMSNs\@DOX (IV), or HMSNs-S-S-Tf\@DOX (V) for 21 days. (b) Continual measurements of tumor sizes by digital vernier calliper in vivo after the treatments. (c) Final weights of tumor tissues after treatment for 21 days. Histological observation of in situ apoptosis in tumor tissues by using the H&E staining method, after treatment with (d) saline, (e) HMSNs, (f) DOX, (g) HMSNs\@DOX, or (h) HMSNs-S-S-Tf\@DOX for 21 days, respectively. Blue: cell nuclei. (n = 6, \*\*p \< 0.01)](thnov08p0518g009){#F8}

![Representative morphologies of vital organs after treatment with (a-a4) saline as a control group, (b-b4) HMSNs, (c-c4) DOX, (d-d4) HMSNs\@DOX, or (e-e4) HMSNs-S-S-Tf\@DOX for 21 days, respectively. Panel a-e: heart; Panel a1-e1: liver; Panel a2-e2: spleen; Panel a3-e3: lung; Panel a4-e4: kidney.](thnov08p0518g010){#F9}

![Concentrations of the inflammatory factors in mice after treatment with saline (control group), HMSNs, and HMSNs-S-S-Tf\@DOX for 3 h and 24 h respectively, based on cytokines (a) interleukin-1β (IL-1β) and (b) tumor necrosis factor α (TNF-α). (n = 6, \*\*p \< 0.01).](thnov08p0518g011){#F10}
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